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	 In this study, the characteristics of a plastic optical fiber (POF) sensor based on an in-
fiber rectangular hole for detecting mercury in water were investigated.  The proposed sensor 
comprises a POF that includes an in-fiber rectangular hole partially filled with a synthesized 
rhodamine derivative acting as a sensing probe.  The rhodamine derivative with maximum 
absorbance spectrum variations occurring at approximately 530 nm was fabricated from 
rhodamine 6G of 95% purity, and the in-fiber rectangular hole with dimensions of 3 × 0.65 mm2 
was fabricated using an inexpensive drilling machine.  The thickness of the rhodamine 
derivative attached to the rectangular hole was about 0.5 mm.  The absorbance of the mercury-
detecting POF sensor was proportional to the mercury ion concentration.  The relationship 
between the absorbance and the mercury ion concentration was approximately linear in the 
mercury ion concentration range of 10 to 200 ppm.  The sensitivity was about 0.00031 ppm−1 in 
the linear response region.  The experimental results show that the proposed POF sensor can be 
effectively used to detect mercury ions in water.

1.	 Introduction

	 Mercury is a known environmental pollutant routinely released from coal-burning power 
plants, oceanic and volcanic emissions, gold mining, and solid waste incineration.  The long 
atmospheric residence time of mercury vapor and its oxidation to soluble inorganic mercury 
provide a pathway for contaminating vast amounts of water and soil.  Exposure to mercury can 
be harmful to the brain, heart, kidneys, lungs, and immune system of people of all ages.  Thus, 
the development of detection techniques for the real-time and long-term monitoring of mercury 
contamination in environmental and biological samples remains a high priority.(1,2)

	 Standard methods for detecting the presence of mercury in water include cold-vapor atomic 
fluorescence detection and inductively coupled plasma techniques.(3)  However, these methods 
require bulky and expensive detection equipment, a large sample volume, and a long process.  
Hence, using optical fiber sensors for mercury detection has attracted significant attention 
because of advantages, such as short measurement time, electromagnetic interference immunity, 
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simplicity, and low cost.(4–7)  Most optical fiber sensors for mercury detection have been based 
on silica fibers, which are highly sensitive; however, their performance is severely affected by 
ambient noise conditions such as temperature variation, pressure variation, and vibration.  Thus, 
plastic optical fiber (POF) sensors have also been developed for mercury detection in aqueous 
environments(8,9) because they are unaffected by ambient noise although they are less sensitive.(10)  
Mercury-detecting POF sensors have additional merits over mercury-detecting glass fiber 
sensors, such as high elastic strain limit, easy handling, high fracture toughness, high flexibility 
in bending, high sensitivity to strain, and potentially negative thermo-optic coefficients.(11–13)  
Unfortunately, most developed mercury-detecting POF sensors are not suitable for use in the 
field because they are fragile and require complex equipment.  There is still a strong industrial 
need for a low-cost and portable alternative for mercury detection using POF sensors.  
	 POF sensors based on in-fiber microholes have recently attracted interest because of 
their simple structure, low cost, high tensile strength, and easy handing.  These sensors have 
already been used for refractive index,(14) liquid level,(15) and respiration rate(16) measurements, 
and previous research studies have shown that they may be suitable for mercury detection.  
Accordingly, in this study, the characteristics of a POF sensor (Fig. 1) based on an in-fiber 
rectangular hole partially filled with a rhodamine derivative acting as a sensing probe for 
detecting mercury were investigated.  When this POF sensor is placed in water contaminated 
with mercury, the contaminated water flows through the rectangular hole and the interaction 
between the mercury ion in water and the rhodamine derivative attached to the rectangular hole 
occurs.  The light propagating in the rectangular hole is absorbed through the ring opening of 
the rhodamine derivative induced by mercury ions in water.  

2.	 Theory

	 Figure 2 shows the schematic diagram of a POF with an in-fiber rectangular hole.  For a 
step index POF with a large diameter core, more than one million modes at 530 nm are used in 
the experiment.  Therefore, an analysis should be conducted from the ray optics perspective.(15)  
Because the fiber is cylindrically symmetrical, we only need to consider the upper half of the 
fiber axis.  
	 The transmittance equation of the POF with an in-fiber rectangular hole is derived with the 
assumption that the material in the rectangular hole is water for simplicity.  The refractive index 
of water (1.3338) is less than those of the cladding (1.41) and core (1.49).  The light between θ2 
[= tan−1(h/2L)], the angle of ray B subtended at L [= rtan(θc)] by the hole, and θ3 [= tan−1(r/L)], 

Fig. 1.	 (Color online) Schematic diagram of a POF sensor for mercury detection. 
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the complementary critical angle corresponding to ray A, can be assumed to propagate without 
loss because it is not blocked by the hole and it causes total internal reflections  at the interface 
between the core and the cladding and at the interface between the core and the material inside 
the hole.  The height of the hole is h, the radius of the core is r, the critical angle between the 
core and the cladding is θc [= sin−1(nco/ncl)], the refractive index of the core is nco, and the 
refractive index of the cladding is ncl.  The light between θ2 and θ1, the angle of ray C, which 
reaches the corner or top interface between the core and the material in the rectangular hole 
after refracting at the left interface, cannot travel in the core because the incident angle of the 
ray at the core–cladding interface is less than the critical angle.  The angle θ1 can be calculated 
as 

	 1
1 1tan sin sin tan / 2conw L h

n
θ θ−   + =  

  
.	 (1) 

	 The light below θ1, ray D, can pass through the left and right interfaces and propagate.  The 
transmittance can be simply obtained by assuming the following:
(1)	Because the index difference between the fiber core and the material inside the rectangular 

hole is very small, Fresnel reflections at the input and output materials into the rectangular 
hole/fiber core boundaries are ignored, 

(2)	only meridional rays are considered, 
(3)	the mode distribution is uniform, and 
(4)	there is no scattering from the hole surface roughness.  
	 Therefore, the transmittance becomes 

	 T = 
( )3 2 1

3
T

θ θ θ
θ

− +
= .	 (2)

  
Equation (2) indicates that the transmittance of the POF with the rectangular hole depends on 
the rectangular hole size, the core radius, and the refractive indices of the material, cladding, 
and core.  

Fig. 2.	 (Color online) Schematic diagram of a POF with an in-fiber rectangular hole.
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	 A mercury-detecting POF sensor is composed of a POF including an in-fiber rectangular 
hole partially filled with a rhodamine derivative (refractive index = 1.19 + j0.322).  To analyze 
the performance of this mercury-detecting POF sensor, two consecutive rectangular holes 
filled with water and the rhodamine derivative should be considered.  The transmittance at any 
mercury concentration in water is 

	 Ts = T1T2 − α,	 (3)

where T1 is the transmittance of the first rectangular hole filled with water between the core 
and the rhodamine derivative, T2 is the transmittance of the second rectangular hole occupied 
with the rhodamine derivative between water and the core, and α is the normalized absorbance 
at the rhodamine derivative attached to the rectangular hole.  The absorbance effect induced by 
mercury in water can be extracted by subtracting the transmittance at a mercury concentration 
of 0 ppm from the transmittance at any concentration.  Because the absorbance is 0 at the 
mercury concentration of 0 ppm, the absorbance is expressed as

	 α = T0 − Ts,	 (4)

where T0 is the transmittance at the mercury concentration of 0 ppm.

3.	 Sensor Fabrication and Experiments

	 Rhodamine derivatives as fluorophore and chromophore probes have attracted considerable 
interest because of their excellent photophysical properties.(17)  Rhodamine derivatives are non-
fluorescent and colorless, whereas the ring opening of the corresponding spirolactam gives rise 
to a strong fluorescence emission and a pink color.  When rhodamine binds mercury ions in 
an aqueous solution, the ring opening process is induced.  Therefore, in this study, we used a 
rhodamine derivative as a chromophore probe.  
	 To synthesize the rhodamine derivative (Fig. 3), rhodamine 6G (958 mg, 2 mmol) was 
dissolved in ethanol (20 ml) and ethylenediamine (0.67 ml, 10 mmol), and the mixture was 
then refluxed for about 21 h.  Next, the mixture solution was cooled and filtered to collect the 
precipitate, which was washed in ethanol.  The precipitate was then mixed with an acetonitrile 
solvent (30 ml) to remove any impurities, recrystallized, and filtered to obtain the rhodamine 
derivative.  
	 A gel-type rhodamine derivative was obtained by the sol-gel method, where a powder-type 
rhodamine derivative was mixed with tetramethyl orthosilicate (24 ml), trimethoxy methylsilane (6 
ml), H2O (7.5 ml), and ethanol (30 ml), and stirred for 2 h.  Table 1 shows the conditions used 
to synthesize the rhodamine derivative.  Using the above procedure, three different rhodamine 
derivatives were fabricated from rhodamine 6G of 90, 95, and 99% purities to choose the 
optimal material for detecting mercury ions in water.
	 The absorption spectra of three different rhodamine derivatives were measured according to 
the mercury concentration using a spectrometer (Shimadzu UV-1800).  The absorption was read 
while changing the wavelength of the spectrometer after adding the powder-type rhodamine 
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derivative to the mercury solution at any concentration in a transparent cell.  Figures 4(a)–4(c) 
show the absorption graphs for the rhodamine derivatives synthesized from rhodamine 6G of 
90% purity (Avention), 95% purity (Avention), and 99% purity (Sigma Aldrich).  As shown, 
the absorbance varied in the wavelength range from 500 to 560 nm according to the mercury 
concentration, with the largest absorbance variation observed at around 530 nm.  Figure 4 
also shows that the absorption variation was proportional to the purity of rhodamine 6G.  The 
experimental results demonstrate that rhodamine derivatives can be used as sensing probes for 
detecting mercury ions in water.  Despite the largest absorbance variation of the rhodamine 
derivative synthesized from rhodamine 6G of 99% purity, the rhodamine derivative synthesized 
from rhodamine 6G of 95% purity was chosen as the sensing probe, in consideration of 
sensitivity and cost.  In this research, the rhodamine derivative of 0.5 mm thickness was 
inserted into the in-fiber rectangular hole for detecting mercury.  
	 To fabricate the mercury-detecting POF sensor, a 3 × 0.65 mm2 in-fiber rectangular air hole 
was fabricated in the POF using an inexpensive drilling machine (SMC HD-280), a microdrill 
bit (NEO Technical System), a 532 nm laser diode (LD), and a power meter (PM) (Fig. 5).(15)  
The gel-type rhodamine derivative of about 0.5 mm thickness was then inserted into the in-fiber 
rectangular hole and bonded to it with epoxy.  Finally, the part filled with the rhodamine 
derivative was wound using Teflon tape.  The POF used in this experiment had a core diameter 

Table 1
Synthesis conditions for rhodamine derivatives.(14)

Item Value
Reflux temperature (°C) 70
Reflux time (h) 21
Additional solvent amount (ml) 25
Recrystallization time (min) 30
Yield (%) 96.7

Fig. 3.	 (Color online) Flow diagram of the rhodamine derivative synthesis.
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of 1.48 mm and core and cladding indices of 1.49 and 1.41, respectively.  The insertion loss of 
the POF mercury-detecting POF sensor was about 3 dB.  The photograph on the right-hand side 
of Fig. 5 shows the in-fiber rectangular hole fabricated using the drilling machine.  
	 The experimental setup (Fig. 6) for analyzing the characteristics of the mercury-detecting 
POF sensor consisted of a 532 nm continuous wave laser diode (LD, Edmund Optics 37-027), 
a power meter (PM, Thorlabs PM100D), and a cylinder equipped with the mercury-detecting 

Fig. 5.	 Fabrication setup and in-fiber rectangular hole in the POF.

Fig. 4.	 Absorbance of rhodamine derivatives synthesized from rhodamine 6G of (a) 90, (b) 95, and (c) 99% 
purities.

(a) (b)

(c)
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Fig. 6.	 (Color online) Experimental setup.

Fig. 7.	 Absorbance of the mercury-detecting POF sensor.

POF sensor.  The light from the laser was coupled into the POF and travelled to the end.  At the 
end of the POF, the optical power was read using the optical power meter about two minutes 
later after changing the mercury ion concentration induced by putting an adequate quantity of 
a 1000 ppm mercury standard solution (Kanto Chemical Co.) in distilled water.  The quantity 
of mercury was calculated using the dilution equation N1 ∙ V1 = N2 ∙ V2, where N1 is the initial 
concentration of mercury, N2 is the final concentration, V1 is the required volume of mercury 
solution at the initial concentration, and V2 is the final volume of solution.  When the POF 
sensor was placed in water contaminated with mercury, the coupled light that arrived at the 
rhodamine derivative inside the in-fiber rectangular hole was absorbed through the ring opening 
of the rhodamine derivative induced by mercury ions in water.  The absorbance changed with 
the mercury ion concentration in water.  The mercury ion concentration was obtained with the 
absorbance calculated from the optical power measured at the end of the POF.  Five mercury-
detecting POF sensors were used to measure the mercury ion concentration in water.
	 Figure 7 shows the graph of the absolute normalized absorbance calculated using 
(P0 − Pm)/P0, where P0 is the measured power when the mercury concentration is 0 ppm and 
Pm is the measured power at any mercury concentration.  The dot is the average measurement 
value, and the top and bottom are the maximum and the minimum values, respectively.  The 
absorbance of the mercury-detecting POF sensor was proportional to the mercury concentration 
in an aqueous solution.  The absorbance of the mercury-detecting POF sensor increased 
abruptly at the mercury ion concentration of 1 ppm.  After 10 ppm, the absorbance changed 
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linearly according to the mercury ion concentration in water.  The sensor sensitivity was about 
0.00031 ppm−1 in the linear response region.  The experimental results demonstrated that the 
proposed POF sensor can be effectively used to detect mercury in water.

4.	 Conclusions

	 In this study, a POF sensor for detecting mercury in water was demonstrated.  This mercury-
detecting POF sensor consists of a POF including an in-fiber rectangular hole partially filled 
with a rhodamine derivative acting as a sensing probe.  The rhodamine derivative was fabricated 
from 95%-pure rhodamine 6G, in consideration of sensitivity and cost, and the rectangular 
hole of the POF was produced using an inexpensive drilling machine.  The dimensions of the 
fabricated rectangular hole of the POF were 3 × 0.65 mm2 and the thickness of the rhodamine 
derivative attached to the rectangular hole was about 0.5 mm.  The absorption of the mercury-
detecting POF sensor increased with the mercury ion concentration in water.  The absorbance 
of the mercury-detecting POF sensor changed abruptly at the mercury ion concentration of 1 
ppm.  After 10 ppm, the absorbance increased linearly with the mercury ion concentration in 
water.  The sensing sensitivity was about 0.0031 (1/ppm) from 10 to 200 ppm in the mercury 
concentration range.  The experimental results demonstrate that the proposed POF sensor can 
be used to detect mercury ions in water.  For a more accurate measurement, the dependence 
of the POF sensor performance on the pH and temperature of the solution should be studied.  
Furthermore, research should also focus on increasing the sensitivity of the proposed POF 
sensor to measure mercury ion concentration below 1 ppm.
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